We report a ZnO interfacial layer based on an environmentally friendly aqueous precursor for organic photovoltaics. Inverted PCDTBT devices based on this precursor show power conversion efficiencies of 6.8-7%. Unencapsulated devices stored in air display prolonged lifetimes extending over 200 hours with less than 20% drop in efficiency compared to devices based on the standard architecture.
We report a ZnO interfacial layer based on an environmentally friendly aqueous precursor for organic photovoltaics. Inverted PCDTBT devices based on this precursor show power conversion efficiencies of 6.8-7%. Unencapsulated devices stored in air display prolonged lifetimes extending over 200 hours with less than 20% drop in efficiency compared to devices based on the standard architecture.
Solar cells based on blends of organic semiconductors (such as conjugated polymers 1,2 or small molecules 3, 4 ) and fullerene derivatives are rapidly gaining acceptance as an alternate technology for renewable energy generation. For solution processed organic photovoltaics (OPVs), the bulk heterojunction (BHJ) architecture which consists of an interpenetrating network of the exciton generating organic donor semiconductor and a fullerene based acceptor 5 is considered to be one of the most effective in terms of device performance. Often, these BHJ films are sandwiched between the ITO anode which has been modified using a poly (3,4-ethylene dioxythiophene): ( polystyrene sulfonic acid) (PEDOT:PSS) layer and a reflecting cathode that is modified either with a metal oxide, 6 metal oxide/graphene 7, 8 or polyelectrolytic interlayer 9 to fabricate the standard OPV architecture. Whilst this device structure has led to highly efficient devices, it is not favourably looked upon due to the hygroscopic and acidic nature of PEDOT:PSS 10,11 which degrades the ITO anode resulting in short-lived devices. While the utilisation of carbon nanotubes in place of PEDOT:PSS has been suggested 11 for standard devices, another route towards alleviating this problem is through the use of the inverted device architecture.
In fabricating inverted devices, the ITO electrode is modified to reduce its work function allowing electron extraction 4, 12, 13 as opposed to hole extraction in the standard architecture. ZnO, a II-VI semiconducting material that can be applied using solution based techniques is widely regarded as the "universal material" for modifying the ITO contact. 14, 15 Such ZnO films can be deposited through coating of nanoparticle inks 8, 12 or sol-gel processing. 4 While the low temperature processable nature of ZnO is attractive in terms of the requirements for roll-to-roll processing of OPVs, most techniques for deposition of ZnO such as sol-gel processing present several issues for implementation in roll-to-roll systems. For example, these are often based on hazardous and/ or toxic precursors as well as solvent systems that are unfavorable for roll-to-roll manufacturing. Furthermore, such sol-gel processes are strongly dependent on the ambient humidity levels, 16 placing and additional control parameter during the deposition of films, and also possess a relatively low shelf life. All of the above factors clearly indicate a strong need for precursors that are moisture insensitive and preferably water based in order to apply to roll-to-roll manufacturing. In addition to the aspects highlighted above, another issue in using such metal oxides in inverted architectures is the occurrence of S shaped electrical curves 14 inverted device without the requirement for additional UV or ozone treatment 12 that is often required for inverted OPVs.
Here, we modify the thermal treatment conditions for this aqueous inorganic ink to fabricate highly efficient OPVs based on the polycarbazole semiconducting polymer PCDTBT and PC 71 BM to achieve device processing conditions that are low temperature based and therefore compatible with processing on plastic substrates. PCDTBT, unlike P3HT as well as a majority of polymers used in OPVs, is highly air stable due to its deep highest occupied molecular orbital (HOMO) situated at ∼5.6 eV which encourages further development of devices based on this material. Here we show that PCDTBT : PC 71 BM based inverted OPVs which are practically more robust and more compatible with manufacture can achieve a PCE in excess of 7% which to the best of our knowledge is the highest reported for inverted PCDTBT OPVs. Furthermore, we also investigate the optimal annealing conditions compatible with low cost substrates that lead to improved air stability of these devices, an aspect which has been ignored in previous studies for this system. Based on the optimised annealing conditions, a significantly improved lifetime is achieved resulting in less than a 20% drop from the initial PCE for un-encapsulated devices over a period approaching 200 hours. While there exists reports of PCDTBT based OPV devices that display longer lifetimes using sol-gel processed ZnO layers, 19 these reports indicate lower device efficiencies (compared to the work reported here) achieved at temperatures that are not compatible with low cost, flexible substrates. In comparison, the ZnO ink used in this work allows higher efficiencies and prolonged lifetimes to be achieved at temperatures compatible with flexible substrates. The inverted device architecture used in this study: ITO/ZnO/ PCDTBT : PC 71 BM/MoO x /Al and the related energy level alignment are shown in Fig. 1(a) and (b) respectively. For all investigations reported here, the active layer ink was prepared using a 1 : 4 donor : acceptor ratio and DCB : CB co-solvent system at a 3 : 1 ratio as previously reported by Moon et al. 20 The formation of the ZnO thin film as the interfacial layer proceeds according to the reaction scheme as discussed by Meyers et al. Optical transmission spectroscopic investigations carried out on ZnO coated ITO substrates ( Fig. 1(c) ) indicates that, within the wavelength region in which light absorption by PCDTBT occurs, more than 80% of the light is transmitted onto the active layer through the ZnO/ITO with a maximum transmission approaching 90%. Furthermore, there appears to be more than a 20% loss in light transmission below 475 nm. However, this is not considered to be significantly detrimental to the device performance as there is no significant absorption by the polymer in this region. The significant light transmission observed in the wavelength region of 500 nm and above is considered to be ideal for maximizing the photon harvesting by the active layer in order to obtain high incident photon to current conversion efficiencies (IPCE).
Previously, we have shown that although interfacial layers for different active layer systems can yield high performing devices, appropriate material selection is required in order to yield the best performance. While inorganic ZnO ink has been shown to perform satisfactorily with P3HT, there is no work available in the literature on its usage or suitability for PCDTBT. Such a study is especially important as PCDTBT is now widely seen as a suitable successor to P3HT not only due to its higher efficiency, but also its better stability and longer lifetime. In order to assess the suitability of ZnO the precursor solution based on the ammine ligand-hydroxo complex studied here, the performance of OPV devices with and without the ZnO interfacial layers were studied ( Fig. 2(a) ) and the resulting device performance parameters given in Table 1 .
For the device performance parameters obtained, it is evident that in the absence of ZnO, the devices suffer from low open circuit voltage (V oc ) and low fill factors, the latter driven by low shunt resistances. Low shunt resistances are typically considered to be an indication of leakage currents that arise from recombination of generated charge carriers thereby minimising the quantity of charges extracted as is evident from the drop in the short circuit current density ( J sc ). The low V oc observed in the absence of the ZnO layer is less than the work function difference between ITO (4.7 eV) and MoO x (5.3 eV) by ∼0.4 eV. The V oc for the devices with ZnO interlayers are observed to be at 0.9 eV, similar to the values observed in standard PCDTBT : PC 71 BM, the loss of ∼0.4 eV indicates the formation of a barrier at the ITO contact. While the average PCE of 6.8% with a highest recorded value of ∼7.1% is slightly below the best observed with the TiO x interlayer ( Fig. S1 and Table S1 †), the performances reported here are noted to be better than those reported using either sol-gel processed ZnO interfacial layers, 19 ZnO nanoparticles 21 or polyelectrolytic interlayers 22 (we also tested inverted devices replacing the ZnO interlayer with the TiO x interlayer. However, the devices failed to show diode characteristics indicating that the TiO x interlayer is unsuitable for this configuration (Fig. S2 †) ). The J sc as well as the fill factors (FFs) for the inverted devices are slightly lower than of that observed for devices fabricated using the standard architecture with PEDOT:PSS and TiO x as the interfacial layers ( Fig. S1 and Table S1 †). The slight drop in J sc is attributed to the decrease in the light transmission through ITO/ZnO at wavelengths below 475 nm. In order to understand the reduction in FF, atomic force micrographs were obtained for ZnO thin films coated on ITO substrates (Fig. 3) . From the AFM scans, it is noted that the ZnO thin films, irrespective of the annealing temperature used, display particulates on the surface. However, the particulates are observed to be larger for the films that are prepared at the lower annealing temperature (∼80°C) while smaller particulates are observed for the films prepared at ∼140°C. The lower annealing temperatures lead to a higher root mean square (r q ) and mean (r a ) surface roughness of ∼9.6 nm and 3.46 nm (respectively) while the higher annealing temperature results in a lower r q and r a values of ∼3 nm and ∼1.7 nm (respectively). As will be discussed later, the presence of these particulates is likely to be due to the incomplete reaction of the precursor which is more effective at temperatures above 100°C. The resulting particulates can also add to an increase in the series resistance leading to the slightly lower fill factor observed for the inverted devices in this work compared to devices based on the standard architecture.
Following the above observation, devices were fabricated by spin coating multiple layers of ZnO sequentially with a thermal treatment carried out after each spin coating step in order to minimize the dissolution of the formed layer by the subsequent spin coating process. Optical transmission spectra of ZnO/ITO samples formed by spin coating the precursor to form one layer (1L) and three times, to form a thicker layer (3L) (Fig. 1(c) ) does not indicate a significant decrease in the optical transmission to a level that is detrimental to the photon harvesting capability of the active layer. This may be partly due to the slight dissolution of the underlying ZnO layer as a result of the NH 4 OH in the inorganic ink. A comparison of the performance characteristics for devices prepared with 1L and 3L are given in Fig. 2(b) with the performance parameters for the latter shown in Table 1 . Analysis of the characteristics indicates that the devices prepared using 3L of ZnO show a slight drop in V oc combined with a noticeable drop in the FF driven by an increased R s and R sh . This indicates that despite its semiconducting nature, a thin layer of ZnO is preferable over a thicker layer that planarizes the underlying ITO contact and that in this case, helps optimize the lateral conduction properties to improve V oc and FF rather than only acting to planarize ITO for reduction of leakage currents.
In all of the investigations discussed above, the thermal treatment for the formation of the ZnO interlayer was carried out at a low temperature of 80°C which is often deemed as being the temperature around which the reactions involving zinc precursors such as those presented in eqn (1) and (2) are observed to proceed. 23, 24 However, it is interesting to note how altering the annealing temperature for formation of the ZnO interlayer would affect the device performance. For this purpose, the performance of devices with ZnO formed by annealing at ∼80°C and ∼140°C were compared. Representative device performance characteristics, IPCE spectra and the device performance parameters are shown in Fig. 2 (c) and (d) and Table 2 respectively. From the results obtained it is evident that irrespective of the annealing temperature used for preparation of ZnO, the performance characteristics remain similar during the initial measurements. One principle motivation behind the development of inverted OPVs is the capability to process more air stable device architectures through the use of oxygen and moisture scavenging interfacial layers combined with the more air stable Ag as the back reflecting electrode.
14,25 Furthermore,
PCDTBT is expected to be a more air stable polymer with a possible estimated lifetime of 7 years, which is a direct outcome of its deeper HOMO level. 26, 27 Therefore, it is considered to be of interest and importance to study the stability of such systems with cheaper back reflecting electrodes such as Al. Furthermore, in relation to the work discussed pre- viously, it would be interesting to see if the performance of the devices display similar levels of stability irrespective of the ZnO annealing temperature. For this purpose, the performance of three device architectures; i.e., (i) ITO/ZnO (80°C)/PCDTBT/MoO x /Al, (ii) ITO/ZnO (140°C)/PCDTBT/MoO x /Al and (iii) ITO/PEDOT:PSS/PCDTBT/TiO x /Al (standard non-inverted architecture), were studied for a period of several days in the absence of encapsulation. All measurements were conducted in air and the devices stored in ambient under fluroscent light between each measurement to obtain a more realistic evaluation of the device stability under standard air exposure. The variation in PCE (normalized to the initial value of each type) are shown in Fig. 3(c) .
Based on the normalized PCE values for the three architectures studied, it is evident that despite using the same material as the interfacial layer, the stability of the devices are significantly affected by the treatment temperatures for ZnO. The higher ZnO temperature leads to a more stable device architecture whose PCE is retained within 80% of the initial value over a period of ∼180 hours. The PCE of devices with ZnO prepared at lower temperature drops to below 80% within a very short duration of 15 hours. The stability of the devices observed for the former conditions is considered to be exceptional, especially as the measurements have been conducted by storing the device in air in the absence of device encapsulation making the inorganic ink used here one of the few unique systems that improves the longevity of the device whilst also negating the need for light soaking for realistic device operation. In terms of stability comparison between the inverted and standard architectures, the stability of the inverted devices with the low temperature processed ZnO layer is observed to be comparable in terms of the PCE observed in the standard architecture with the TiO x layer. However, we note that unlike in the case of the inverted devices, the standard device begins to show an S shaped characteristics (Fig. S3 †) which is usually attributed to unbalanced charge extraction as a result of charge trapping. As TiO x is generally known to scavenge moisture and oxygen, 28 it is unlikely that degradation at a level significant to affect the device performance occurs at the TiO x /Al contact. Therefore, the poor device performance and the S shaped characteristics is attributed to the degradation of ITO as a result of the acidic nature of PEDOT:PSS which results in unbalanced charge extraction leading to the observed characteristics, a result which can be alleviated with the use of the inverted structure and the ZnO ink used herein. Having understood the implication of different treatment temperatures on the ZnO precursor on device stability, it is important to understand the causes behind the better performance for the inverted devices that utilize the ZnO interlayer prepared under the higher annealing temperature. Due to the lack of encapsulation on the devices studied herein, degradation could proceed both at the ZnO interlayer as well as within the active layer. One potential route towards evaluation of whether the ZnO interlayer degrades is through evaluation of its photoluminescence (PL) spectrum over time. For this purpose, the PL spectra of ZnO films deposited 80°C, 100°C, 120°C and 140°C were measured within 2-3 hours after deposition as well as 4 days after deposition (Fig. S4 †) . The annealing temperatures were limited to the above temperatures as our purpose was to evaluate the suitability of this precursor for roll-to-roll systems where the flexible substrates used cannot exceed 140°C. While there was a clearly observable green emission for the ZnO films annealed at 80°C both in as-deposited state as well as when measured after a few days, a similar green emission was not observed for the remaining films indicating their stability as well as lower defect content. As the green emission of ZnO is correlated to radiative defect states in the film, 16, 29 this is indicative that at higher annealing temperatures, less defective ZnO thin films are produced, presumably due to a better conversion of the precursor which is supported by the discussion on thermogravimetric analysis to follow. An indirect route towards supporting the above conclusion from the photoluminescence spectra (i.e. the more defective nature of ZnO films prepared at sub 100°C) is through analysis of charge mobility in the ZnO film. Therefore, to evaluate the electron mobility in these films, field effect measurements were carried out using a bottom gate top contact architecture, with Al source and drain contacts. The performance characteristics of these thin film transistors are given in Fig. S5 † together with the relevant parameters in Table S1 . † Analysis of the characteristics indicates that both devices prepared using a single layer of ZnO show standard transistor performance and operate as an n-channel enhancement mode device. Furthermore, the average field-effect mobility of the ZnO TFT prepared at 140°C display a higher carrier mobility of ∼0.55
compared to the lower value of 0.02 cm 2 V −1 s −1 for the films prepared at 80°C. This indicates that the annealing temperature plays an important role in the electronic properties of these ZnO thin films. As there is no apparent degradation in the ZnO interlayer, it is more than likely that the degradation of the device proceeds through the active layer itself. This becomes evident as the device parameters are evaluated over time for the devices consisting of the ZnO interlayers annealed at 80°C and 140°C. The rapid degradation in PCE in the former devices as observed in Fig. 3(c) however does not appear to lead to the formation of "S" shaped curves as was the case for the standard devices (Fig. S3 †) and the analysis of the J-V curves for inverted devices with ZnO inverted layers prepared at 80°C and 140°C indicates diode-like curves (Fig. S6 †) . This in fact indicates that the major degradation pathway is through the active layer, especially for the former device. This view is further supported by the concomitant decrease in all device parameters (Fig. S7 †) over time for both devices, but more so for the devices with the ZnO interlayer annealed at 80°C.
From the above, it is evident that despite similar high performance at an initial stage, devices with ZnO thin films prepared at lower annealing temperatures (such as 80°C) are susceptible to rapid degradation compared to devices with the ZnO thin films prepared with higher annealing temperatures. Therefore, to better understand the nature of reactions that may proceed with changing (of annealing) temperature, thermogravimetric analysis (TGA) on traces of the ZnO precursor solutions were also conducted (Fig. S8 †) . From the TGA curve, it is evident that there is a significant weight loss of ∼18% for temperatures in the range of 50-100°C which is below that of the boiling point of water. The variation in weight in this temperature region is in agreement with the hydroxide formation, oxidation and crystallization that happen for this precursor system below 100°C. 17, 23 Furthermore, when the temperature is increased beyond 100°C, there is a further weight loss which is attributed to the loss of a number of species, especially chemisorbed water. This suggests that under the lower annealing temperatures (such as 80°C), there is likelihood that both the unreacted species as well as moisture will be present within the device compared to films annealed at higher temperatures (such as 140°C). It is also noted here that the possible presence of a higher moisture content in the ZnO films is in agreement with the relatively quicker degradation of devices with ZnO films prepared at 80°C as opposed to 140°C as is often expected for organic semiconductors. Therefore, further investigations are required to ascertain effects of higher annealing temperatures that are compatible with low cost plastic substrates to mitigate such detrimental properties of the precursor. However, it should be noted that under the conditions studied here, the ZnO ink used in this work shows significant promise for use in roll-toroll processed organic photovoltaic modules, particularly with the annealing step involved post-deposition of the ink.
Conclusions
In conclusion, a "green" ZnO precursor solution ink has been utilized to fabricate ZnO thin films as an interlayer for inverted organic solar cells. While the annealing temperatures of 80°C and 140°C both lead to comparable performance at the outset, measurements carried out over longer durations reveal a significantly improved lifetime for devices that utilize the ZnO thin films prepared at 140°C with only 20% loss in the initial power conversion efficiency over 200 hours. This is observed in the absence of device encapsulation and storage of devices in air. The principle degradation in the devices with ZnO annealed at 80°C is due to the residual moisture within the ZnO layer which over time degrades the active layers resulting in a reduction of all device performance parameters leading to a power conversion efficiency loss. On the other hand, this situation is mitigated under higher annealing conditions where a majority of the residual moisture and unreacted precursor species are removed resulting in a longer lifetime. The excellent device performance combined with the good device stability under non-ideal device encapsulation conditions using the green ZnO precursor in this work is expected to catalyse the development of long lifetime roll-toroll processed organic photovoltaic modules.
